Purpose Adolescent idiopathic scoliosis (AIS) is reported to be associated with the two traditional estrogen receptor genes, ESR1 and ESR2. Yet, the novel estrogen receptor G protein-coupled estrogen receptor 1 (GPER) has not been studied. To investigate the association of GPER gene polymorphisms with the onset and deterioration of AIS, we performed a case-control study. Methods Clinical information was recorded, blood samples were taken and genomic DNA was extracted. After resequencing the gene in 45 cases and 45 controls who were randomly selected, 16 tag single nucleotide polymorphisms (SNPs) were selected. Then the association study was extended by an additional 344 patients and 293 controls with direct sequencing and a TaqMan-based genotyping assay. The chi-square test and logistic regression were used to analyse the genotypic and allelic association. One-way analysis of variance was used to compare the mean maximum Cobb angles and ages with different genotypes in the case-only data set.
Introduction
Adolescent idiopathic scoliosis (AIS) is a tridimensional deformity of the spine consisting of lateral deviation of the spine and rotation of the vertebrae, which arises mainly in girls during the pubertal growth spurt. Although its exact aetiology remains elusive, AIS has been accepted as a multifactorial disease with genetic predisposing factors [1, 2] . Several genes have been found to be associated with the disease, including those of estrogen receptors.
Estrogen signalling has been reported to be crucial to the onset and development of AIS [3, 4] . In spite of some reports showing the serum oestradiol levels to be significantly lower in AIS teenagers [5, 6] , other studies found no difference in circulating estrogen levels between patients and controls [7, 8] , and a hypothesis has been presented that not the estrogen itself but the response of bone cells to estrogen impacts scoliosis [4] . Estrogen works through two nuclear receptors, the estrogen receptor alpha (ERα) and the estrogen receptor beta (ERβ), and through a membrane receptor, the G protein-coupled estrogen receptor 1 (GPER) [9] [10] [11] . Both ERα and ERβ are traditional members of nuclear hormone receptors, and their genes have been found to be correlated with the susceptibility and curve severity of AIS [12] [13] [14] , suggesting that deficits of these two receptors may induce skeletal malformation.
Despite studies of scoliosis focused on ERα and ERβ, the novel estrogen receptor GPER, or GPR30, has not been investigated yet. GPER is a member of the G proteincoupled receptors spanning the membrane seven times (7TM GPCRs), not only eliciting the rapid non-genomic responses of estrogen but also triggering more long-term transcriptional responses [9, 15] . It mediates a wide range of responses to estrogen in a large variety of cell types. Previous studies found GPER expressed in chondrocytes of human growth plate [16] , and in osteoblasts, osteocytes and osteoclasts [17] , modulating the bone growth on the foundation of a normal estrogenic response [18] . GPER seems to take part in the estrogen-related regulation of skeletal development, and it may also be involved in the initiation or deterioration of AIS.
In this respect, we undertook the first association study between the GPER gene and AIS. We conducted an investigation to detect single nucleotide polymorphisms (SNPs) present in the GPER genes in order to examine if they may confer a significant susceptibility or have an association with the curve severity of AIS.
Materials and methods

Subjects
A total of 389 AIS patients and 338 healthy controls were involved in our study. Tag SNP screening was performed on 45 patients and 45 controls; further genotyping consisted of an additional 344 AIS cases and 293 controls. All of the patients (53 men and 336 women, ages at onset ranging from ten to 19 years with an average of 15.62±3.36 years) were recruited from the scoliosis clinic at the Sun Yat-sen Memorial Hospital and the First Affiliated Hospital of Sun Yat-sen University. Diagnoses of the patients were confirmed clinically by using the Adams forward bending test and radiographically with posteroanterior radiographic images of the whole spine, with the diagnosis criteria of existing rotational prominence and a maximum Cobb angle above 15°. Patients with scoliosis secondary to congenital vertebral malformation, neuromuscular disorders, syndromic disorders or complicated with other hereditary disorders were excluded from the study. Patients' clinical information including age, gender, curve pattern, Cobb angle and Risser sign were recorded. Follow-up was performed until each patient reached a Risser sign grade 5, at which point the Cobb angle was recorded as the maximum Cobb angle. The maximum Cobb angle ranged from 15 to 90°.
Meanwhile, 49 healthy men and 289 healthy women were invited to participate in the study through advertisement (ages ranging from ten to 29 years with an average of 14.49±2.58 years). All of the controls were examined with the forward bending test to exclude any scoliosis, and radiographs were taken for validation in case of any uncertainty, as in previous research [19, 20] . The controls were also eliminated if they had suffered from any congenital deformity of the spine or had a family history of scoliosis. All of the cases and controls were Han Chinese from south China. Informed consent to DNA analysis was signed by all subjects or their parents and witnessed by the clinician. The study was approved by the Clinical Research Ethics Committee of the two hospitals.
Blood sampling
Blood samples were collected from each subject through venipuncture. Genomic DNA was isolated with Tiangen DNA blood Mini kits (Tiangen, Beijing, China) according to the manufacturer's instructions.
Resequencing of the GPER gene and SNP identification
In order to screen variations on exons of GPER in south Han Chinese, resequencing was performed first in 45 cases and 45 controls, who were randomly selected from the collection (a total of 18 men and 72 women, mean age 15.50±2.76 years). Primers were designed for all exons and intron-exon boundaries of GPER, with 100-200 bp extensions into intronic regions (see Table 1 ). The polymerase chain reaction (PCR) products were sequenced in both directions by the ABI Sequence Analyzer 3730XL (Applied Biosystems, Foster City, CA, USA), and the results were [21] . SNPs obtained from the 45 sequenced healthy subjects with minor allele frequency (MAF) ≥1% were enrolled in the analysis.
Genotyping methods
Sixteen rare tag SNPs were identified for further analyses (see Table 2 ). They were then detected in all patients and controls by the TaqMan-based genotyping assay (7 SNPs: G1-G5, G15 and G16) or direct sequencing (9 SNPs: G6-G14) as described above on account of the difficulty in designing the TaqMan probes for those sites. All of the primers and probes are listed in 
Results
LD structure and tag SNP selection
Four LD blocks in the 11 kb genomic region were revealed. The frequencies of the haplotypes in each block were also observed. We identified 16 tag SNPs: G1 and G2 in block 1, G3-G9 in block 2, G10 and G11 in block 3 and G12-G16 in block 4 (see Fig. 1 and Table 2 ).
Case-control association studies
The genotype distributions of the 16 SNPs, which are shown in Table 4 , were all in HWE. There were no statistically significant differences of any SNPs between the patients and controls by the chi-square test, logistic regression analysis and multiple tests with Bonferroni adjustment (all SNPs P adjusted =1). Hence, there might be no association between the polymorphism of the GPER gene and the onset of AIS.
Genotype-phenotype studies
The differences between the maximum Cobb angles of different genotypes in G3, G4 and G12 were significant (see Table 5 ). Post hoc comparison for SNP G3 with the Bonferroni test found that patients with the high-risk genotype GA had larger maximum Cobb angles than with the genotype GG or AA (P=0.018 and P=0.019, respectively), while those with the genotype GG and AA had similar maximum Cobb angles (P=0.316). For SNPs G4 and G12, the maximum Cobb angles in heterozygous patients were larger than in homozygous patients (P=0.048 and P= 0.028, respectively). A haplotype test of the three loci was performed and LD was observed between G3 and G12 (D′= 0.934), while G4 was independent of them (D′=0.439 and 0.012, respectively). LD pattern analysis found the three SNPs lay in different LD blocks. No differences were observed within the ages of different genotypes of these SNPs. These results imply that the heterozygous mutations in these sites of GPER are related with the curve severity of AIS. Thus, GPER may have a role in the aggravation of AIS.
Discussion
Taking advantage of the history of recombination in the population, genetic association studies facilitate progress in searching for potential risk variants of complex traits such as AIS. Researchers found that the Xbal and Pvull polymorphisms in intron I of the ESR1 gene (coding the ERα) were correlated with progression of AIS [13, 14] . However, another study had a contradictory result [20] ; hence, the relationship between ESR1 and AIS remains controversial. The polymorphisms of ESR2 (coding the ERβ) have been reported to associate with the susceptibility and curve severity of AIS patients [12] . In our research, we confirmed that the genomic polymorphisms of GPER, another novel receptor of estrogen, are associated with deteriorations of AIS. This study represents the first time that alleles and genotypes of GPER SNPs have been examined in AIS patients. We analysed 16 SNPs selected by direct sequencing of all exons and intron-exon boundaries of the gene to ensure that the genotypes were representative of the local ethnic group. All cases and controls were Han Chinese from south China, thereby limiting the confounding factor of population stratification. We found no statistical difference in the distribution of genotypes and alleles in GPER between the patients and controls. However, the maximum Cobb angles with different genotypes in SNPs of G3, G4 and G12 in GPER were significantly different. Although LD was observed between G3 and G12, LD pattern analysis found they were in different LD blocks; thus, we did not perform a further haplotype study. Our data suggest that the heterozygous variants in these sites may be associated with the curve severity in AIS.
GPER was first cloned in 1996 and had been considered an orphan receptor until 2005, when it was found to bind oestradiol and act as a membrane-bound estrogen receptor. It was reported to be expressed in resting and hypertrophic chondrocytes and in all three types of bone cells [16, 17] . The staining of GPER in these cells declined with progression of puberty, suggesting that estrogen signalling via GPER may be involved in bone growth [16] . Windahl et al. reported that the estrogen-induced reduction of longitudinal bone growth was not observed in GPERdeficient mice, implying that estrogen regulates the skeletal development through GPER [18] . Although the detailed mechanism remains to be determined, GPER is considered to be a participant in estrogen-promoted closure of the growth plate and to contribute to estrogen-modulated skeletal development.
AIS progresses primarily in girls during skeletal growth, and skeletal immaturity is a crucial factor in the progression of the deformity [8, 22] . These phenomena hint that estrogen may have some relationship with the disease. Through its receptors, estrogen acts on both osteoblastic and osteoclastic cells, impacts bone remodelling and growth directly, and interacts with factors that influence the development of AIS [3, 23] . Estrogen signalling is a contributing factor in the progression of scoliosis through its role in bone formation, growth, maturation and turnover [4] . Our study suggests that heterozygotes in the SNPs of G3, G4 and G12 in the GPER gene are significantly related with the curve severity in AIS patients. The SNPs of G3 and G4 are located at the five prime untranslated region (5′-UTR), and the G12 at the 3′-UTR. These so-called regulatory SNPs (rSNPs) may impact gene regulatory sequences and finally lead to differences in gene expression and phenotypes [24] . We hypothesise that these regulatory SNPs may reduce the expression of GPER, and the deficiency of GPER may lead to delayed fusion of end plates through the estrogen signalling pathway, permitting irregular overgrowth of the spine which contributes to the curve. While it is possible that all or some of these possible risk variants could have a significant effect on the protein function, it remains for us to develop an in vitro assay to show some biological effect of them.
There are several limitations that should be considered in this study. One of them is that we only focused on the exon and intron-exon boundary regions of the gene. The relationship between AIS and the SNPs in promoter region or introns of the GPER still needs further investigation. Another restriction is due to the ethnic differences. The samples we studied are from the Han Chinese population in south China. The effect of the GPER gene on AIS needs to be clarified in other ethnic groups. The small sample size is also a weakness, and the study may be more convincing if replication is performed. Although the disease may progress with age, we did not find any difference within the age distribution of different genotypes, implying age was not a confounding factor in our study. In summary, our study furnishes proof that GPER gene polymorphisms are associated with the severity of curvature in AIS. Our results suggest that deficits of this newly discovered estrogen receptor may contribute to the deterioration of spine deformity.
